The terminal step in cytokinesis, called abscission, requires resolution of the membrane connection between two prospective daughter cells. Our previous studies demonstrated that the coiled-coil protein centriolin localized to the midbody during cytokinesis and was required for abscission. Here we show that centriolin interacts with proteins of vesicle-targeting exocyst complexes and vesicle-fusion SNARE complexes. These complexes require centriolin for localization to a unique midbody-ring structure, and disruption of either complex inhibits abscission. Exocyst disruption induces accumulation of v-SNARE-containing vesicles at the midbody ring. In control cells, these v-SNARE vesicles colocalize with a GFP-tagged secreted polypeptide. The vesicles move to the midbody ring asymmetrically from one prospective daughter cell; the GFP signal is rapidly lost, suggesting membrane fusion; and subsequently the cell cleaves at the site of vesicle delivery/fusion. We propose that centriolin anchors protein complexes required for vesicle targeting and fusion and integrates membrane-vesicle fusion with abscission.
Introduction
Cytokinesis is a fundamental process that results in division of a single cell with replicated DNA into two daughters with identical genomic composition (see (Glotzer, The role of membrane-vesicle-tethering exocyst complexes in animal cell abscission is poorly understood. The exocyst is a multiprotein complex that targets secretory vesicles to distinct sites on the plasma membrane. In the budding yeast S. cerevisiae, exocyst components localize to the mother-bud neck, the site of cytokinesis (Finger et Components of membrane-vesicle-tethering and -fusion complexes have been identified in some organisms and linked to cytokinesis, but the pathway that integrates these complexes with vesicle trafficking during cell cleavage is unknown. Little is known about how SNAREs and the exocyst are anchored at the midbody or how they modulate membrane-vesicle organization and fusion to coordinate abscission. Moreover, the origin and dynamics of membrane compartments involved in abscission have not been investigated. In this manuscript, we describe a multistep pathway for abscission that requires a scaffold protein to anchor SNARE and exocyst complexes at a unique midbody site and also requires asymmetric transport and fusion of secretory vesicles at this site.
Results

Centriolin Is Part of a Ring-like Structure at the Central Midbody during Cytokinesis
We previously showed that centriolin localized to the midbody during cytokinesis (Gromley et al., 2003) . Using high-resolution deconvolution microscopy, we now demonstrate that centriolin is part of a unique ringlike structure within the central portion of the midbody, which we call the midbody ring (observed in w75% of all telophase cells, Figures 1A-1C) . The midbody ring was 1.5-2 m in diameter ( Figure 1C ), contained γ-tubulin ( Figure 1D ), and colocalized with the phase-dense Flemming body ( Figure 1B, inset) (Paweletz, 1967) . In fact, high-magnification phase-contrast imaging revealed that the Flemming body was organized into a ring-like structure ( Figure 1E ). The midbody ring was flanked by Aurora B kinase, which colocalized with microtubules on either side of the ring ( Figure 1B , inset). Several other proteins localized to the midbody ring including ectopically expressed GFP-GAPCenA, a GTPase-activating protein previously shown to localize to centrosomes (Cuif et al., 1999). Time-lapse imaging of GFP-GAPCenA and other proteins in living cells showed that the midbody ring was dynamic, moving between cells and tipping from side to side to reveal the ring structure ( Figure 1F ; see also Movie S1 in the Supplemental Data available with this article online). In addition, midbody-ring localization of GFP-GAPCenA confirmed the ring structure seen by immunofluorescence microscopy and demonstrated that there were no antibody penetration problems in this midbody region as seen for other antigens (Saxton and McIntosh, 1987) . The midbody ring was distinct from the actomyosin ring and did not change in diameter during cytokinesis ( Figures 1A and 1B) . It appeared during the early stages of actomyosin-ring constriction and persisted until after cell cleavage (see below). The centralspindlin components MKLP-1/CHO1/ ZEN-4 ( Figure 1G ) and MgcRacGAP/CYK-4 (data not shown) also localized to the midbody ring and appeared earlier than centriolin during actomyosin-ring constriction. Depletion of MKLP-1 by RNAi to 18% of control levels (n = 2 experiments) prevented recruitment of centriolin to the ring (Figures 1H and 1I) . In contrast, depletion of centriolin had no effect on the localization of MKLP-1 or MgcRacGAP (data not shown). These data suggested that centralspindlin anchored centriolin to the midbody ring. (Figure 2C) . To test whether other members of the exocyst complex were bound to centriolin, we immunoprecipitated endogenous centriolin from HeLa cell lysates with affinity-purified centriolin antibodies and showed that sec8 and sec5 coprecipitated ( Figure 2D ). Gel filtration experiments (Superose 6) using MDCK cell lysates demonstrated that centriolin coeluted with fractions containing the exocyst complex (detected with antibodies to sec8 and sec3, Figure 2A ). Centriolin was eluted as a single peak that overlapped with peaks of sec3 and sec8. We next asked if centriolin coimmunoprecipitated with the exocyst. Antibodies to sec8 were added to each of the fractions from the gel filtration column, and immune complexes were collected and probed with affinity-purified centriolin antibodies as described (Gromley et al., 2003) . Centriolin was found only in fractions containing exocyst components ( Figure  2A ). The centriolin-containing fractions eluted earlier than the peak of sec 3 or sec8, suggesting that the exocyst fraction to which centriolin was bound was different from the cytosolic and lateral plasma-membrane fractions of the exocyst ( bulk of the cellular protein and eluted considerably earlier than thyroglobulin (MW 669,000) suggesting it was part of a large complex.
Since the exocyst associates with membrane vesicles, we next tested whether centriolin was also present in membranous fractions. Cell homogenates were prepared in the absence of detergent and underlain at the bottom of linear iodixanol gradients. Isopycnic centrifugation was performed, and fractions were probed for both centriolin and the exocyst component sec8. Centriolin "floated up" to fractions lighter than the cytosol having a buoyant density of δ w 1.14 g/ml ( Figure  2B ). The centriolin peak cofractionated with a major peak of Sec8 that was slightly less dense than the junction-associated peak of Sec8 described previously in confluent MDCK cells (δ w 1.16 g/ml; Yeaman et al., 2004). Little to no centriolin was observed at other positions in the gradient or in the major protein peak, suggesting that most if not all centriolin was associated with membranes. Taken together, the density gradient, immunoprecipitation, and chromatography data support the conclusion that centriolin associates with the exocyst in a very large complex bound to cellular membranes. The yeast two-hybrid interaction between centriolin and the low-abundance protein snapin was confirmed by showing that endogenous centriolin coimmunoprecipitated a His 6 -tagged snapin fusion protein expressed in HeLa cells ( Figure 2E ) and by the centriolin-dependent midbody localization of snapin (see below).
The Exocyst Complex Colocalizes with Centriolin at the Midbody Ring
Further support for the centriolin-exocyst interaction was obtained by showing that exocyst-complex components localized to the midbody ring with centriolin.
HeLa cells were colabeled with antibodies against one of several exocyst components (sec3, sec5, sec8, sec15, exo70, or exo84) and either microtubules or centriolin ( Figure 3A) . We found that all these exocyst components localized to the midbody ring during cytokinesis and formed a ring-like structure similar to that seen for centriolin. In fact, double-stained images revealed considerable overlap between sec8 and centriolin, indicating that they were part of the same structure ( Figure 3A , panel 1). We also showed that a myc-tagged form of sec8 localized to the midbody ring when expressed in HeLa cells ( Figure S1 ), confirming the localization seen with antibodies directed to the endogenous protein.
Midbody Localization of the Exocyst Is Disrupted in Cells Depleted of Centriolin
We next tested whether centriolin was required for midbody-ring localization of the exocyst. siRNA-mediated depletion of centriolin resulted a in w70% reduction in centriolin protein levels and complete loss of midbody staining in 24% of cells compared with control cells treated with lamin siRNA (Figures 3B and 3E) . Immunofluorescence quantification of midbody signals performed as in our previous studies (Gromley et al., 2003) demonstrated that many of the remaining centriolindepleted cells had lower levels of midbody staining than controls (48%, n = 23 cells), bringing the total percentage of midbody depleted cells to 72%. Cells that lacked detectable midbody-associated centriolin usually lacked midbody labeling of sec8 (10/10, Figure 3B , panels 1 and 6). Although other exocyst components could not be costained with centriolin because all were detected with rabbit antibodies like centriolin, all were lost from or reduced at midbodies in centriolindepleted cells ( Figure 3B, panels 2-5 ). For example, To test whether centriolin was dependent on the exocyst complex for localization to the midbody, we initially targeted sec5 for siRNA depletion. Recent studies showed that mutants of sec5 in D. melanogaster disrupted exocyst function (Murthy and Schwarz, 2004) and that RNAi-mediated depletion of sec5 inhibited exocyst-dependent processes in vertebrate cells (Prigent et al., 2003) . We found that depletion of sec5 resulted in loss of midbody-associated sec5 as well as other exocyst components, including sec3, sec8, and sec15 ( Figures 3C and 3E) . These results show that sec5 depletion disrupts midbody-ring localization of the exocyst. In contrast, neither sec5 nor sec8 loss from the midbody affected the association of centriolin with the midbody ring (Figures 3D and 3E) . These data demonstrate that centriolin is required for midbody localiza- Previous immunofluorescence studies showed that the v-SNARE endobrevin/VAMP8 and t-SNARE syntaxin-2 were enriched in the region of the midbody flanking the Flemming body and coincident with microtubules and Aurora B staining (Low et al., 2003) . Using the same antibodies, we confirmed the localization pattern of endobrevin/VAMP8 ( Figure 5A, panel 1) and syntaxin-2 (data not shown). Very late in cytokinesis, the intercellular bridge narrows to w0.5 m, and microtubule bundles are reduced in diameter to 0.2-0.5 m. At this time, endobrevin/VAMP8 and syntaxin-2 joined centriolin, snapin, and the exocyst at the midbody ring ( Figure 5A, panels 3 and 4) . siRNA depletion of centriolin eliminated the midbody-ring localization of snapin (>35% of cells, Figure 5B ), endobrevin/VAMP8 (>20% of cells, Figure 5C ), and syntaxin-2 ( Figure 5C ). Of the remaining cells, 24% and 36% showed midbody staining levels below those of controls for snapin (n = 22) and endobrevin/VAMP8 (n = 25), respectively. As shown earlier, midbody-ring integrity was not compromised under these conditions, as MKLP-1 and MgcRacGAP remained at this site in cells with reduced centriolin.
These results indicated that centriolin was required for midbody-ring localization of v-and t-SNARE proteins and the SNARE-associated protein snapin.
Snapin Depletion Mislocalizes the Protein from the Midbody and Induces Cytokinesis Defects
Midbodies in 41% of snapin-depleted cells showed no detectable snapin staining ( Figure 5D ). Time-lapse imaging over a 22 hr period showed that 40% of snapin-depleted cells experienced late-stage cytokinesis failure ( Figure 5E , Movie S4). Other cells showed long delays and often remained connected by a thin intercellular bridge (data not shown). When cultures were imaged for an additional 24 hr, we observed multicellular syncytia resulting from multiple incomplete divisions and additional individual cells undergoing cytokinesis failure. This suggested that most cells in the population ultimately failed cytokinesis and that some failed multiple times. Occasionally, cells separated when one of the attached daughters re-entered mitosis, possibly due to tensile forces generated by cell rounding during mitosis ( Figure 5E, Movie S4) . These results demonstrated that snapin was necessary for abscission and suggested that it functioned by anchoring SNARE complexes at the midbody.
Disruption of the Exocyst Results in Accumulation of Secretory Vesicles at the Midbody
We next tested whether the late-stage cytokinesis defects observed in this study resulted from changes in membrane trafficking to the midbody. As a first test of this idea, we used brefeldin A, which disrupts cytokine- et al., 2000) .
Based on the localization of the exocyst to the midbody ring, we reasoned that the vesicle-tethering function of the complex might be operating at this site to facilitate fusion of v-SNARE-containing vesicles at the late stages of cytokinesis. To test this idea, we depleted cells of sec5 to disrupt exocyst complexes and examined the localization of v-SNARE (endobrevin/VAMP8) containing vesicles. We observed a collection of small, spherical endobrevin/VAMP8-containing structures resembling vesicles at the midbody ( Figure 6B , panel 1, arrows) that were positioned around the phase-dense Flemming body ( Figure 6B, arrowhead, panel 2) . Although these structures were occasionally seen in control lamin A/C siRNA-treated cells, they were significantly increased in sec5-depleted cells (Figure 6B,  graph) .
To determine whether the endobrevin/VAMP8-containing structures were secretory vesicles, we used a more specific marker for the secretory pathway. We expressed a GFP-tagged construct containing an aminoterminal signal peptide that targets the protein to the lumen of the ER (lum-GFP) (Blum et al., 2000) and lacks retention and retrieval motifs, so it would not be expected to target to endosomes, multivesicular bodies, or lysosomes. The lum-GFP was efficiently secreted from nondividing MDCK cells following a 19°C transGolgi network block and release from the block in the presence of protein-synthesis inhibitors (C.Y., unpublished data). When we expressed lum-GFP, numerous GFP-containing vesicles were observed in the cytoplasm. Following fixation and staining for endobrevin/ VAMP8, we found that most of the endobrevin/VAMP8 vesicles colabeled with lum-GFP throughout the cytoplasm ( Figure 6C ) and within the intercellular bridge during late stages of cytokinesis ( Figure 6C, insets) . This observation demonstrates that the v-SNARE-containing vesicles that accumulated following disruption of the exocyst are secretory vesicles, an observation similar to that seen in studies in exocyst mutants of S. cerevisiae where vesicles dock normally but fail to fuse with the plasma membrane (Guo et al., 2000) Asymmetric Delivery of Secretory Vesicles to the Midbody Is Followed by Abscission At early stages of cytokinesis, we observed numerous GFP-labeled secretory vesicles in Golgi complexes and cell bodies of nascent daughter cells but few within intercellular bridges ( Figure 7A, panel 1) . However, at a late stage of cytokinesis when the intercellular bridge narrowed to a diameter of w2 m and the midbody microtubule bundle was reduced to a diameter of 0.5-1 m, GFP secretory vesicles accumulated in the intercellular bridge near the midbody ring ( Figure 7A , Movie S5). Higher-magnification imaging of another cell at a similar cell-cycle stage revealed labeled secretory vesicles moving suddenly and rapidly (within 20 min) from the cell bodies into the intercellular bridge and up to the midbody ring ( Figure 7B, Movie S6) . In 11/11 cells, the vesicles were delivered primarily if not exclusively from one of the nascent daughter cells ( Figure  7B, center panels) . Vesicles packed into the region adjacent to the phase-dense Flemming body ( Figure 7B , panels 2 and 3, large arrowhead; Movie S6). Within 20 min, the GFP signal disappeared ( Figure 7B , last panel and Figure 7A , last panel), suggesting that the vesicles fused with the plasma membrane, releasing the GFP signal into the extracellular space where it was free to diffuse. Loss of the GFP signal was not due to photobleaching because GFP-labeled vesicles in cell bodies adjacent to the intercellular bridge and in the Golgi complex retained the signal. We next examined the relationship between vesicle delivery to the midbody and abscission. We found that, shortly after the GFP signal was lost from the midbody region, the cell cleaved on the side of the Flemming body that received the GFP vesicles (6/6 cells from four experiments, Figure 7C ). The cell on the opposite side received the Flemming body ( Figure 7C, 70'-95' and Figure 7D) . In some cases, the Flemming body moved around rapidly after abscission on the cell surface (Movie S7), suggesting that the structure was not anchored at a discrete point on the new daughter cell. Postdivision midbodies contained multiple midbody-ring components and retained microtubules from both sides of the midbody ring ( Figure 7E , panel 1). They persisted for some time after abscission, consistent with previous results (Mishima et al., 2002) , and were often present in multiple copies, suggesting that they were retained through several cell cycles (Figure 7E, panels 2-4) . These structures were seen on w35% of HeLa cells and often retained features of the Flemming body and midbody ring, including MKLP-1 staining, Aurora B staining, phase-dense Flemming bodies, and localization to the plasma membrane (Figure 7E, data not 
Structure and Persistence of the Midbody Ring
We have shown that many proteins localize to the midbody ring and that the phase-dense Flemming body is also organized into the shape of a ring. This is consistent with earlier ultrastructural studies that describe cytoplasmic channels coursing through the central midbody (Mullins and Biesele, 1977) . The ring structure bears a resemblance to bud scars of S. cerevisiae, which serve as markers for longevity (Chen and Contreras, 2004). The midbody ring in animal cells is inherited by the daughter cell that lies opposite the site of vesicle delivery and appears to persist, as it is often seen in mitotic cells prior to cytokinesis and found in multiple copies in interphase cells ( Figure 7E) (Mishima et al., 2002) . Shortly after abscission, the midbody ring contains microtubules that extend from both sides of the ring. This suggests that dissolution of microtubule bundles adjacent to the midbody ring is not an absolute requirement for the final stage of cytokinesis but rather that abscission can result in transfer of the entire mid-body and associated microtubules into one daughter cell.
Experimental Procedures Cell Culture and Transfections
The cells used primarily in this study were diploid, telomerase-immortalized human RPE cells (hTERT-RPE-1s, Clontech Laboratories, Inc.) (Morales et al., 1999) and HeLa cells. All cells were grown as previously described (American Type Culture Collection). HeLa cells were transfected as previously described (Lipofectamine, Invitrogen).
Immunofluorescence
Cells were prepared for immunofluorescence, imaged, and deconvolved (Metamorph, Universal Imaging Corp.) using either formaldehyde, formaldehyde followed by methanol, or methanol alone as previously described (Dictenberg et al., 1998) . All immunofluorescence images are two-dimensional projections of three-dimensional reconstructions to ensure that all stained material was visible in two-dimensional images. Quantification of signals produced by immunofluorescence staining for various midbody antigens was performed as described for centrosome protein quantification in our earlier studies (Gromley et al., 2003) .
Antibodies
Antibodies to the following proteins were used: sec3, sec5, sec8, sec10, exo70, exo84, and sec15 (Yeaman, 2003 
Brefeldin A Treatment
HeLa cells were treated with 5-10 g/ml brefeldin A (Sigma-Aldrich) and imaged.
Immunoprecipitations
Antibodies to centriolin or exocyst were added to hTERT-RPE cell extracts and incubated at 4°C overnight. The lysis buffer included 50 mM Tris-HCl (pH 7.5), 10 mM Na 2 HPO 4 (pH 7.2), 1 mM EDTA, 150 mM NaCl, 1% IGEPAL CA-1630, and protease inhibitors (Mini tablets, Roche Diagnostics, Mannheim, Germany). Superose 6 samples were incubated with antibodies to sec3 and sec8, bound to protein A/G beads (Santa Cruz Biotechnology, Inc.) at 4°C for 2 hr (Yeaman, 2003) , and exposed to SDS-PAGE and immunoblotting (Harlow and Lane, 1988 ).
Time-Lapse Imaging
Time-lapse imaging of cytokinesis was performed using a widefield microscope (Gromley et al., 2003) , and images were taken every 5 min for 18-24 hr. For luminal-GFP-expressing cells ( Figure  7B ), two concurrent time-lapse programs were used (GFP, phase contrast), and images were taken every 2 min for 3-4 hr. A PerkinElmer spinning-disc confocal microscope with an UltraVIEW CSU-10 head was used for Figures 7A, 7C , and 7D. Images were taken every 5 min and captured on an ORCA-AG cooled CCD camera. Images of GFP-GAPCenA-expressing cells were taken every 10 min on a Zeiss Axiophot microscope equipped with a Hamamatsu digital camera. Mitochondria function was assessed by Mitotracker staining (Molecular Probes).
Exocyst Fractionation
For isopycnic centrifugation, membrane compartments containing exocyst fractions were prepared as described (Grindstaff et al., 1998; Yeaman, 2003) . For size-exclusion chromatography, cells were extracted with MEBC buffer (0.5% Nonidet P-40, 50 mM TrisHCl [pH 7.5], 100 mM NaCl) containing protease inhibitors (0.1 mM Na 3 VO 4 ; 50 mM NaF; 1 mM Pefabloc [Boehringer Mannheim]; and 10 g/ml each of leupeptin, antipain, chymostatin, and pepstatin A) for 10 min at 4°C. Lysates were first sedimented in a Microfuge (Beckman Instruments, Fullerton, California) for 10 min and then for 30 min at 100,000 × g, passed through a 0.22 m filter (Millipore), and loaded on a Superose 6 HR 10/30 column (200 l, 10 mm × 30 cm; Pharmacia Biotech, Inc.) equilibrated in MEBC buffer and 1 mM dithiothreitol with 0.1 mM Pefabloc. Proteins were eluted (0.3 ml/min) at 17°C in 0.5 ml fractions, the concentration of protein in the fractions was determined, and the fractions were used for various assays (fractions 7-30).
Supplemental Data
Supplemental Data include one figure and seven movies and can be found with this article online at http://www.cell.com/cgi/content/ full/123/1/75/DC1/.
